We systematically studied the formation of various iron-silicide phases, grown on Si(001) surfaces by solid phase epitaxy, with scanning tunneling microscopy, low-energy electron diffraction and reflection high-energy electron diffraction. We found and studied the phases of c(2×2) islands, rectanglelike islands, elongated islands, layered islands, dome-like islands, eddy and cracked structures, and small clusters. A schematic phase diagram of these phases are successfully summarized against iron coverage at room temperature and subsequent annealing temperature.
Introduction
Iron silicides grown on silicon substrates have attracted much attention because of the possibility of applying optical [1] and magnetic [2] functions to Si-based device technology. The structure of formed iron silicide depends on Si substrate and preparation recipe. Complex recipes to produce a certain epitaxial silicide, mainly β-FeSi 2 [3] , have been described. Nevertheless, so far there is no well established schematic phase diagram for the formations of various silicides, even by a simple method, such as solid phase epitaxy (SPE): annealing after deposition, in a wide range of preparation conditions of deposition thickness and annealing temperature. Since plural silicides can co-exist on surfaces, local structure analyses such as scanning tunneling microscopy (STM) and scanning tunneling spectroscopy (STS) are the most powerful methods to study the silicide formation, in addition to averaged structure analyses such as low-energy electron diffraction (LEED), reflection high-energy electron diffraction (RHEED), X-ray photoelectron diffraction (XPD), X-ray photoelectron spectroscopy (XPS), ultra-violet photoelectron spectroscopy (UPS), and so on. STM results have been reported for many studies of silicides grown by SPE on Si(111), but in restricted preparation conditions, and recently, progress has been made in establishing a schematic phase diagram [4] . For silicides on Si(001) there are few STM works [5] [6] [7] which have reported in very restricted conditions, and there is no detailed phase diagram, even though works using averaged structure analysis [8, 9] have suggested rough phase diagrams.
In this paper, we report on what types of iron silicides are SPE-grown on Si(001) systematically in a wide range of preparation conditions, using STM, LEED and RHEED. From the analysis of islands, clusters or morphologies of forming silicides we present a schematic phase diagram for Si(001)-Fe.
Experimental
The main experiments were performed in an ultra-high vacuum (UHV) system equipped with LEED optics and STM equipment [10, 11] . Si(001) mirrorpolished samples (Sb doped, 0.03 Ωcm) were degassed and flashed at ≈1250
• C by direct-current heating for a few tens of times below 2-3×10 were observed at RT with LEED and STM in the current-imaging mode using a chemically etched W tip. The RHEED experiments were performed in a different UHV chamber; the detailed conditions were the same as described elsewhere [7] .
Results and discussion
An obtained schematic phase diagram is shown in Fig. 1 One of the typical silicides which has been studied [5, 6] is the c(2×2)
island. It was observed at θ F e = 2 and 4 ML and T a ≥≈500
• C (region A in Fig. 1 have substrate dips around the islands [5, 12] and two-dimensional (2D) flat structures without any stacking layers [6] . Since the 2D c(2×2) islands coexist with the 2×1 substrate, LEED patterns are superimpositions of c (2×2) and 2×1 (and 1×2) domains, which resemble p(2×2). Although the previous LEED [8] and STM [5] studies suggested a p(2×2) structure, our LEED intensity vs. primary energy E p curves of equivalent ( ,1) spots on the silicide surfaces arises from the 2×1 substrate. Moreover, the intensity of ( for the rectangle-like islands.
The rectangle-like islands are also seen in the wide image of Fig. 2 
in
Ref. [5] . The magnified image of the island (Fig. 3(a) in Ref. [5] ) shows rows separated by 0.78 nm with 0.78 nm periodicity along the rows, and STS shows metallic character; the authors speculated γ-FeSi 2 (001) for the islands.
Obviously, their island top structure is different from ours, and another type of such rectangle-like islands should exist though we did not observe the islands having such rows in our preparation conditions. Indeed, previous XPS and UPS work [9] suggested γ-FeSi 2 in a similar condition to region B in Fig. 1 .
Type C in Fig. 1 corresponds to the three-dimensional (3D) elongated islands which we reported elsewhere [7] . The islands had elongated direc- 3D islands with dome-like shapes appear in wide conditions at T a ≥≈500 • C 7 in region E in Fig. 1 . At lower θ F e and T a their size was several nm and their density was small (e.g. labeled E in Fig. 2(a) ), while they grew up to a few tens of nm in size and were only observed at higher θ F e and T a , as shown in Fig. 4(a) . RHEED patterns at θ F e = 12.5 and 25 ML, and T a = 600
• C showed Debye rings, indicating the formation of fine polycrystals.
LEED patterns showed only the spots from the 2×1 substrates which appear between the 3D dome-like islands (e.g. labeled H in Fig. 4(a) ). Previous XPS and UPS work [9] reported β-FeSi 2 in this region. Since only one type island was observed in this region, we attribute the 3D dome-like islands to
The above islands A-E co-existed with the uncovered Si(001)2×1 substrate H, thus, the surfaces were covered by discontinuous films (islands).
The 2×1 substrate H was not perfect and sometimes had a considerably large amount of defects, the density of which was higher than that of the clean surfaces. This condition was derived from the 2×1 streaks induced by poor ordering toward the dimer-row (×1) directions in LEED and RHEED patterns [7] .
In region F in Fig. 1 at T a = 400
• C, the surfaces show characteristic morphologies: eddy and cracked structures. Fig. 5 (a) obtained at θ F e = 16 ML shows an eddy structure with many elongated islands of ≈1×10 nm 2 in size. The diameter of the eddy structure was typically ≈60-80 nm and separated by ≈120-150 nm. At θ F e = 10 ML a cracked structure as shown in Fig. 5(b) appeared. We found that a cracked structure tend to appear at lower θ F e and an eddy structure at higher θ F e . Both structures, eddy 8 patterns on a cracked film were observed together at θ F e = 12.5 ML. These surfaces showed no LEED spots. RHEED also showed amorphous patterns at θ F e = 12.5 and 25 ML, and T a = 400 • C. Previous XPS and UPS work [9] reported -FeSi in this region. Since our STM shows almost homogeneous films, we consider that -FeSi forms in a large part of the films.
Small clusters appear in region G in Fig. 1 . Fig. 4(b) shows a typical surface just after deposition at θ F e = 1 ML. Protrusions of ≈1 nm in size are seen. Faint 2×1 spots were observed in LEED, implying that a part of the substrate Si dimers between or beneath small clusters remains. We attribute these small clusters to Fe-rich silicides consisting of a small number of atoms. At higher θ F e the cluster size became larger, and was about several nm at θ F e = 16 ML and T a = RT, where neither steps in STM nor spots in LEED were observed. These surfaces at both lower and higher θ F e did not change drastically after annealing at T a = 200 • C. RHEED also showed amorphous patterns for as-deposited surfaces at θ F e = 12.5 and 25 ML, while they showed broad transmission spots (indicating a fiber structure with bcc- form under further annealing inducing massive mixture in surface and substrate layers [4] . In this sense, β-FeSi 2 is appropriate for 3D layered islands (D), and for 3D dome-like islands (E) though they are not pinned (not epitaxially grown).
Conclusion
We systematically studied various iron-silicide phases SPE-grown on Si(001) surfaces using STM, LEED and RHEED. 2D c(2×2) islands, the rectanglelike islands, 3D elongated islands, 3D layered islands, 3D dome-like islands, eddy and cracked structures, and small clusters are summarized in a schematic phase diagram in θ F e -T a of the iron-silicide phases. We have reported for the first time on the existence of rectangle-like islands with different top structures, eddy and cracked structures, and small clusters. • C, displaying the eddy structure (F ), and (b) at θ F e = 10 ML and T a = 400 • C, displaying the cracked structure (F ).
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